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A Role for nautilus in the Differentiation
of Muscle Precursors
Cheryl A. Keller,* Mischala A. Grill,† and Susan M. Abmayr*,1
*Department of Biochemistry and Molecular Biology, Pennsylvania State University,
University Park, Pennsylvania 16802; and †Department of Cell Biology
and Anatomy, University of Arizona, Tucson, Arizona 85724
In the Drosophila embryo, nautilus is expressed in a subset of muscle precursors and differentiated fibers and is capable of
inducing muscle-specific transcription, as well as myogenic transformation. In this study, we examine the consequences of
nautilus loss-of-function on the development of the somatic musculature. Genetic and molecular characterization of two
overlapping deficiencies, Df(3R)nau-9 and Df(3R)nau-11a4, revealed that both of these deficiencies remove the nautilus gene
without affecting a common lethal complementation group. Individuals transheterozygous for these deficiencies survive to
adulthood, indicating that nautilus is not an essential gene. These embryos are, however, missing a subset of muscle fibers,
providing evidence that (1) some muscle loss can be tolerated throughout larval development and (2) nautilus does play a role in
muscle development. Examination of muscle precursors in these embryos revealed that nautilus is not required for the formation
of muscle precursors, but rather plays a role in their differentiation into mature muscle fibers. Thus, we suggest that nautilus
functions in a subset of muscle precursors to implement their specific differentiation programs. © 1998 Academic Press
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INTRODUCTION
nautilus (nau) is the only apparent Drosophila homolog
of the basic-Helix-Loop-Helix (bHLH) family of myogenic
regulatory factors (MRFs) ( Michelson et al., 1990; Paterson
et al., 1991). Four family members exist in vertebrate
species and include MyoD, myf5, myogenin, and MRF4,
while only a single family member has been identified in
invertebrate species (reviewed in Rudnicki and Jaenisch,
1995; Venuti and Cserjesi, 1996; Abmayr and Keller, 1998).
This gene family was initially identified on the basis of the
ability of the vertebrate factors to convert undifferentiated
fibroblasts to a myogenic phenotype in culture (reviewed in
Emerson, 1990; Olson, 1990; Buckingham, 1992; Wein-
traub, 1993). Members encode transcription factors that
share a high degree of homology throughout the bHLH
domain, which is required for both DNA binding and
protein dimerization. In vertebrates, the MRFs have been
shown to interact with ubiquitously expressed, bHLH-
containing E proteins and to bind to consensus E-boxes
found in the promoters of many muscle-specific genes
(Brennan and Olson, 1990; Davis et al., 1990; Lassar et al.,
1991). While expression of these factors in cultured cells
has demonstrated that the four vertebrate MRFs can func-
tion interchangeably, recent genetic studies have suggested
that they have distinct roles in vivo (Discussion; Kablar et
al., 1997; reviewed in Olson and Klein, 1994; Rudnicki and
Jaenisch, 1995; Molkentin and Olson, 1996; Venuti and
Cserjesi, 1996).
In Drosophila, the earliest morphological sign of myogen-
esis is the formation of bi- and trinucleate muscle precur-
sors in characteristic and reproducible positions in the
embryo (Bate, 1990). Recent studies have supported the
model that these precursors derive from distinct mono-
nucleate founder cells and contain positional information
that is conveyed to additional myoblasts as they fuse and
differentiate into individual muscle fibers (Rushton et al.,
1995). These precursors appear to be set aside by the
bHLH-containing gene twist (twi), which is initially ex-
pressed throughout the mesoderm but later becomes re-
stricted to domains of cells that are destined to contribute
to the somatic musculature (Dunin-Borkowski et al., 1995;
Baylies and Bate, 1996). As TWI expression begins to
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decline, many of these cells express the bHLH-encoding
gene lethal of scute (l’sc) (Carmena et al., 1995). From
within each cluster of l’sc-expressing cells, a single muscle
progenitor appears to be selected through the progressive
restriction of l’sc expression (Carmena et al., 1995), a
process that may be mediated by neurogenic genes such as
Notch (Corbin et al., 1991; Bate et al., 1993; Baker and
Shubiger, 1996). Recent studies have suggested that the
selected muscle progenitor then divides and, in at least
some cases, the resulting two daughter cells have unique
identities due to the asymmetric distribution of Numb
(Ruiz-Gomez and Bate, 1997; Carmena et al., 1998). Addi-
tional molecules appear to be involved in the segregation of
muscle founder cells, though their exact mechanisms of
action remain unclear. For example, mutations in the cell
signaling molecule Wingless (WG) result in a loss of specific
muscle founder cells (Bate and Rushton, 1993; Baylies et al.,
1995; Ranganayakulu et al., 1996).
Finally, several genes have been identified that serve as
markers for subsets of founder cells and differentiated
muscle fibers. In addition to nau, these genes include
vestigial (vg), which encodes a novel protein (Williams et
al., 1991; Bate and Rushton, 1993; Rushton et al., 1995), and
apterous, which encodes a LIM and homeodomain-
containing protein (Bourgouin et al., 1992). Several other
homeobox-containing genes also fall into this category and
include S59 (Dohrmann et al., 1990; Carmena et al., 1998),
muscle segment homeobox (msh) (Lord et al., 1995;
D’Alessio and Frasch, 1996; Nose et al., 1998), even-skipped
(eve) (Frasch et al., 1987), and Kruppel (Kr) (Gaul et al., 1987;
Ruiz-Gomez et al., 1997). Among these genes, ap has been
shown to play a role in the development of a subset of
founder cells, as ap mutant embryos are missing specific
muscle fibers, and ectopic expression of ap induces dupli-
cations of particular muscles (Bourgouin et al., 1992). The
development of a subset of muscles is also affected in
embryos lacking mesodermal Kr expression (Ruiz-Gomez et
al., 1997). Finally, the recent characterization of msh mu-
tants, which are also lacking a subset of differentiated
muscles, suggests that msh also plays a role in the devel-
opment of a subset of muscle precursors (Nose et al., 1998).
The roles of the other proteins described above have not yet
been fully defined by loss-of-function mutations. Neverthe-
less, the behavior of cells in which these markers are
expressed is consistent with a role in specification and/or
differentiation of muscle precursors. For example, analysis
of S59- and VG-expressing cells in embryos defective for
myoblast fusion supports their identification as founder
cells (Rushton et al., 1995).
nau, like its vertebrate counterparts, is capable of induc-
ing muscle-specific gene expression and myogenic trans-
formation when ectopically expressed in other cells of
mesodermal origin (Keller et al., 1997). This result would
seem to suggest that nau could play a general role in the
differentiation of all muscle fibers. However, it appears to
be expressed in only a subset of muscle precursors and
differentiated muscle fibers (Michelson et al., 1990; Pater-
son et al., 1991; Abmayr et al., 1992), suggesting that it
functions in the specification or differentiation of a subset
of founder cells. Several studies indirectly support the
hypothesis that the NAU-expressing cells correspond to the
founder cells described earlier. For example, these NAU-
expressing cells appear to behave similarly to the previously
described S59- and VG-expressing founder cells in embryos
defective for myoblast fusion (Abmayr and Keller, 1998).
Moreover, embryos mutant for Notch, which appears to
mediate lateral inhibition during selection of a muscle
progenitor, exhibit hyperplasia of cells expressing nau
(Corbin et al., 1991; Bate et al., 1993; Baker and Shubiger,
1996). Finally, WG, which is required for the formation of
some S59- and VG-expressing founder cells, is also neces-
sary for the formation of a subset of NAU-expressing cells
(Bate and Rushton, 1993; Baylies et al., 1995; Ranganay-
akulu et al., 1996).
In this study, we attempt to refine the precise role of nau
in myogenic differentiation by examining its loss-of-
function phenotype. To this end, two overlapping deficien-
cies that remove the entire nau gene have been isolated.
Embryos transheterozygous for these deficiencies are miss-
ing a subset of muscle fibers that can be rescued by
expression of nau under artificial control, suggesting that
the lack of nau is responsible for the defects. This muscle
loss is tolerated throughout larval development and these
individuals survive to adulthood, indicating that nau is not
essential for viability. Taking advantage of the identifica-
tion of other founder cell markers with patterns of expres-
sion that overlap with nau, we also examined embryos
lacking nau for the presence or absence of specific muscle
precursors. Consistent with our previous overexpression
studies (Keller et al., 1997), these results suggest that nau is
not required for the formation of muscle precursors, but
rather plays a role in their differentiation into mature
muscle fibers.
MATERIALS AND METHODS
Drosophila Stocks
All stocks were grown on standard cornmeal medium at 18 or
25°C, as necessary. Df(3R)mbc-30, Df(3R)mbc-R.1, and Df(3R)-
mbc-F5.3 have been described (Rushton et al., 1995; Erickson et al.,
1997). The 24B-GAL4-expressing enhancer trap line (Brand and
Perrimon, 1993) was generously provided by N. Perrimon. The
UAS-nau 1 rescue construct has been described (Keller et al., 1997).
UAS-nau 1 and 24B-GAL4 were meiotically recombined onto the
Df(3R)nau-9 and Df(3R)nau-11a4 deficiency chromosomes, respec-
tively, and recovered over a third chromosome balancer, TM3,
scr-lacZ (Bloomington Stock Center, Bloomington, IN). P-element
insertions P{ry1, LacZ}A189.2F3, P{PZ}l(3)0115201152, and
P{PZ}l(3)0468404684, as well as a line carrying a source of trans-
posase, ry506 Sb P{ry1-delta2-3}99B, were obtained from the Bloom-
ington Stock Center.
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Genetic Methods
Df(3R)nau-4A was created by treating males homozygous
for the viable P-element insertion P{ry1, LacZ}A189.2F3 with
4000 rads of gamma rays. Approximately 25,000 chromosomes
were screened for the loss of the ry1 marker. Three ry individ-
uals were recovered, including that carrying Df(3R)nau-4A.
Df(3R)nau-9 and Df(3R)20 were created by treating males tran-
sheterozygous for the homozygous-lethal P-element insertion
P{PZ}l(3)0115201152 with 4000 rads of gamma rays. Approxi-
mately 20,000 chromosomes were screened for the loss of the
ry1 marker. Seven ry flies were recovered. Of these, Df(3R)nau-9
and Df(3R)20 were the only two deficiencies that uncovered
lethal complementation groups other than l(3)01152. Df(3R)CA
was generated by imprecise excision of the homozygous-lethal
P-element insertion P{PZ}l(3)0468404684. Mobilization of the
P-e lement occurred in male flies heterozygous for
P{PZ}l(3)0468404684 and ry506 Sb P{ry1-delta2-3}99B. Excision
events were recovered over balancer chromosomes MKRS, ry Sb
or TM2, ry e. Six hundred seventy-seven excision events were
identified by the loss of the ry1 marker. Of these, 330 imprecise
excisions were identified by lack of complementation of
Df(3R)mbc-F5.3. Three deficiencies were obtained, including
Df(3R)CA. Finally, Df(3R)nau-11a4 was isolated fortuitously in
a mobilization screen of P{PZ}l(3)0115201152 and appears to be a
consequence of multiple transposition events. This screen was
originally initiated to generate new lethal P-element insertions
and deletions.
To isolate point mutations in the region uncovered by the above
deficiencies, several EMS mutagenesis screens were carried out.
Males that were isogenic for a multiply marked third chromosome
carrying ru st e were fed 30 mM EMS in 10% sucrose as essentially
described (Lewis and Bacher, 1968). Mutagenized chromosomes were
recovered over third chromosome balancers MKRS, ry Sb, TM2, ry e,
or TM3, ry Sb. Two of these screens have been described (Rushton et
al., 1995). Approximately 20,000 mutagenized chromosomes were
analyzed, of which 7560 were complementation tested to Df(3R)-
mbc-30 and 12,440 complementation tested to Df(3R)mbc-R.1. From
these, a total of 96 lethal mutations have been isolated in the region
uncovered by Df(3R)mbc-30. These mutations fall into 13 lethal
complementation groups, as indicated in Fig. 1. Multiple alleles have
been obtained for all but one of these lethal complementation groups.
Thus, it is likely that most, if not all, lethal complementation groups
in this region have been identified.
Molecular Characterization of Deficiencies
To determine whether nau sequences were present or absent,
DNA prepared from embryos homozygous for the Df(3R)nau-9
chromosome was obtained by mating male and female siblings
that were genetically Df(3R)nau-9/wild-type. Progeny of this
cross were collected at 12-h intervals and aged 30 – 42 h at 25°C.
Larvae carrying one or two copies of the wild-type chromosome
were eliminated from the population. Genomic DNA was pre-
pared from unhatched homozygous-mutant embryos according
to Jowett (1986) and analyzed by Southern blotting (see below).
Df(3R)nau-11a4 does not result in embryonic lethality when
homozygous. To examine nau sequences, DNA was therefore
isolated from viable adults that were Df(3R)nau-9/Df(3R)nau-
11a4. As a control, DNA was prepared from flies heterozygous
for wild-type (OreR) and P{PZ}l(3)0115201152, the parent chro-
mosome of both deficiencies. Genomic DNA was prepared
according to Jowett (1986).
For Southern blots, approximately 10 mg of DNA was digested
with either HindIII or HindIII/PstI, and the resulting fragments
were separated electrophoretically in an 0.8% agarose gel. DNA
was transferred to a nylon membrane using the Turboblotter Rapid
Downward Transfer System (Schleicher and Schuell, Inc., Keene,
NH). The membrane was hybridized with a 420-bp fragment that
covered nucleotides 11124 to 11544 of the nau cDNA sequence.
As a control for loading, the membrane was hybridized simulta-
neously with a 2-kb HindIII fragment that includes exons 2, 3a, and
3b from the myosin heavy chain (MHC) gene (Wassenberg et al.,
1987). The membrane was stripped and rehybridized with a 1.9-kb
HindIII/EcoRI fragment and a 2.1-kb HindIII fragment that cover
nucleotides 24700 to 26600 and 28300 to 210,400 of the nau
genomic sequence, respectively. All probes were labeled by random
priming (Feinberg and Vogelstein, 1983).
Whole-Mount Embryo Analysis
Embryos were collected on agar/apple juice plates and aged as
necessary. Embryos were dechorionated and fixed as described
(Keller et al., 1997). Immunohistochemistry was performed essen-
tially according to Ashburner (1989). For colorimetric immuno-
chemistry, incubation with monoclonal anti-MHC (1:2000) (D.
Kiehart, unpublished) or polyclonal rabbit anti-VG (1:500), a gift of
S. Carroll, was carried out at 4°C overnight. Biotinylated secondary
antibodies were used according to manufacturer’s instructions and
detected with the VECTASTAIN ABC Kit (Vector Laboratories,
Burlington, CA) for MHC antibodies and the VECTASTAIN ELITE
ABC Kit (Vector Laboratories) for VG antibodies. To distinguish
Df(3R)nau-9/Df(3R)nau-11a4 embryos from their TM3, scr-LacZ-
carrying siblings, expression of b-galactosidase was detected by
enzymatic activity (Klambt et al., 1991).
For immunofluorescence studies, incubations in primary anti-
sera were carried out at 4°C overnight, at the following dilutions:
polyclonal rabbit anti-VG (1:100), polyclonal rabbit anti-S59 (1:100)
(Carmena et al., 1995), and polyclonal rat anti-NAU (1:50). The rat
anti-NAU antiserum (Cocalico Biologicals, Reamstown, PA) was
generated by immunization of rats with a purified glutathione
fusion protein that contained amino acids 14–332 of the NAU
protein. Before use, the antiserum was affinity purified against the
original antigen coupled to Affigel 15 (Bio-Rad Labs, Hercules, CA).
For detection of primary antisera, fluorescein-conjugated goat anti-
rabbit antiserum (Vector Laboratories), Cy3-conjugated goat anti-
rabbit antiserum (Rockland Inc., Gilbertsville, PA), or Cy3-
conjugated goat anti-rat antiserum (Rockland Inc.) was used as
appropriate. To distinguish Df(3R)nau-9/Df(3R)nau-11a4 embryos
from their TM3, scr-LacZ-carrying siblings, expression of
b-galactosidase was identified by immunofluorescence using a
b-galactosidase-directed monoclonal antibody (1:100) (Promega
Corp., Madison, WI) and detected using a fluorescein-conjugated
goat anti-mouse antiserum (Rockland Inc.). All secondary antisera
used for the immunofluorescence studies were preadsorbed for 2 h
on 8- to 14-h embryos before use. Fluorescent images were recorded
using a Bio-Rad MRC-1024 laser-scanning confocal imaging system
(Bio-Rad Labs).
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RESULTS
Genetic Characterization of the Cytological Region
That Includes nautilus
The nau gene was previously localized to cytological
position 95AB on the right arm of the third chromosome by
in situ hybridization to Drosophila polytene chromosomes
(Abmayr et al., 1992). In an effort to characterize the nau
loss-of-function phenotype, an extensive genetic analysis of
this region has been carried out. The results of this analysis
are shown in Fig. 1. Deficiencies have been generated by
gamma-irradiation of flies carrying marked transposable-
element insertions that have been mapped to this region, as
well as imprecise excision of the same transposable ele-
ment insertions (Materials and Methods). Deficiencies iso-
lated by gamma-irradiation include previously described
Df(3R)mbc-30 (Rushton et al., 1995) and Df(3R)nau-4A
(Abmayr and Keller, 1998) as well as the recently identified
deficiencies Df(3R)20 and Df(3R)nau-9. Deficiencies iso-
lated by imprecise excision of marked P-element insertions
include Df(3R)CA, which was obtained by mobilization of
P{PZ}l(3)0468404684. Finally, Df(3R)nau-11a4 was isolated
fortuitously in a mobilization screen of P-element
P{PZ}l(3)0115201152 and appears to be a consequence of
multiple transposition events. Of note, genetic and molecu-
lar analysis of Df(3R)nau-11a4 suggests a series of events in
which P{PZ}l(3)0115201152 excised precisely, reinserted in
or proximal to l(3)95Ax, and then excised imprecisely (see
molecular analysis below).
Molecular Characterization Reveals Deficiencies
That Remove nautilus
The molecular region uncovered by Df(3R)nau-9 and
Df(3R)nau-11a4 was identified by Southern blot analysis
to determine whether nau-related sequences had been
deleted (Figs. 2A and 2B). The nau probes utilized in this
analysis and the resulting molecular map for these defi-
ciencies are shown in a schematic of the nau-containing
region (Fig. 2C). DNA from flies heterozygous for the
parental insert P{PZ}l(3)0115201152 and a wild-type third
chromosome served as a positive control. As shown in
Fig. 2A, a HindIII fragment of 8.2 kb (lane 1) and a
HindIII/PstI fragment of 5.4 kb (lane 4) were detected in
the parental DNA sample by a radiolabeled probe that
corresponds to a portion of the nau-coding sequence. In
the region of nau that is 59 to the transcription start site,
parental HindIII fragments of 3.6 and 2.1 kb were de-
tected (Fig. 2B, lane 1). Fragment sizes of approximately
2.3 and 2.1 kb are detected by the same 59 probes in
parental samples digested with both HindIII and PstI (Fig.
2B, lane 4). To evaluate whether or not these fragments
had been removed in Df(3R)nau-9, DNA from embryos
homozygous for the deficiency chromosome was exam-
ined. By comparison with the parental chromosome,
none of the above fragments was detected in DNA from
embryos homozygous for Df(3R)nau-9 (Fig. 2A, lanes 2
and 5; and Fig. 2B, lanes 2 and 5), indicating that both the
nau-coding sequence and sequences 59 to nau have been
deleted in this deficiency. A radiolabeled probe that
detects the myosin heavy chain gene, which is unaffected
by this deletion, provided a control for DNA loading.
Embryos homozygous for Df(3R)nau-11a4 hatch into
crawling larvae (data not shown). Consequently, DNA
could not be prepared from embryos homozygous for this
deficiency as described above for Df(3R)nau-9. However,
since Df(3R)nau-11a4 does not overlap any of the lethal
complementation groups uncovered by Df(3R)nau-9 (Fig.
1), individuals transheterozygous for Df(3R)nau-11a4 and
Df(3R)nau-9 survive to adulthood. Thus, the molecular
FIG. 1. Genetic map of cytological region 95A-D. Deficiencies are represented by horizontal bars and lethal complementation groups by
vertical lines. Groups l(3)95Ay-z and groups l(3)95BCa-c have not been oriented with respect to one another. The direction of nau
transcription is indicated with an arrow. The myoblast city (mbc) locus as well as complementation groups l(3)01152, l(3)95Ba, l(3)04684,
and l(3)95BCa-d have been described (Erickson et al., 1997). The number of EMS-induced alleles in each complementation group is
indicated in parentheses.
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analysis of Df(3R)nau-11a4 could be carried out using
DNA from adult flies that were genetically Df(3R)nau-9/
Df(3R)nau-11a4. As shown in Fig. 2A, sequences corre-
sponding to the 8.2-kb HindIII nau-coding fragment (lane
3) and the 5.4-kb HindIII/PstI nau-coding fragment (lane
6) are not detected. Examination of Df(3R)nau-11a4 for
sequences 59 to the nau transcription start site revealed
that sequences corresponding to the 1.9-kb HindIII/EcoRI
fragment are absent (Fig. 2B, lanes 3 and 6). By compari-
son, the 2.1-kb HindIII fragment is visible in both of these
lanes. These data place the distal breakpoint of Df(3R)-
nau-11a4 between positions 24700 and 28300. Hence,
we conclude that the entire nau-coding sequence has
been deleted in Df(3R)nau-11a4 and that this deletion
extends at least 4.7 kb upstream of the nau transcription
start site.
nautilus Is Not Required for Adult Viability
The results presented above demonstrate that both Df(3R)-
nau-9 and Df(3R)nau-11a4 delete the entire nau-coding
sequence. Moreover, since Df(3R)nau-9 and Df(3R)nau-
11a4 do not remove a common lethal complementation
group (Fig. 1) and Df(3R)nau-9/Df(3R)nau-11a4 transhet-
erozygotes survive to adulthood (described above), these
results indicate that nau is not essential for viability. To
determine whether the absence of nau had any deleterious
effect on adult survival rates, we examined the number of
surviving adult flies (Table 1). In the initial analysis,
Df(3R)nau-9/TM3, scr-lacZ females were crossed to Df(3R)-
nau-11a4/TM3, scr-lacZ males. A second cross was later
carried out in which the parental female and male geno-
types were reversed to control for any differences in genetic
FIG. 2. Molecular analysis of Df(3R)nau-9 and Df(3R)nau-11a4. (A, B) Southern blots of HindIII and HindIII/PstI-digested DNA. Lanes 1
and 4, wild-type control. Lanes 2 and 5, DNA prepared from embryos homozygous for the Df(3R)nau-9 chromosome (Materials and
Methods). Lanes 3 and 6, DNA prepared from adult flies that were genetically Df(3R)nau-9/Df(3R)nau-11a4. (A) The test probe is a 420-bp
region of the nau-coding sequence covering nucleotides 11124 to 11544 (*). The control probe is a portion of MHC cDNA. (B) The same
membrane as in A. Test probes correspond to nau 59 genomic sequences and include a 1.9-kb HindIII/EcoRI fragment (**) and a 2.1-kb
HindIII fragment (***). (C) Molecular and genetic map of the region surrounding nau (not drawn to scale). The approximate locations of
restriction sites are noted. The probes described above are indicated, as well as the approximate position of the distal breakpoint of
Df(3R)nau-11a4. The proximal breakpoint of Df(3R)nau-9 has not been identified and is thus indicated with a question mark. The direction
of nau transcription is denoted by an arrow.
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background. Results of these analyses indicate that Df(3R)-
nau-9/Df(3R)nau-11a4 individuals survive to adulthood at
a rate approximating that of their heterozygous siblings. Of
note, although Df(3R)nau-9/Df(3R)nau-11a4 females are
capable of laying eggs, these eggs do not appear to develop
further. This female sterility is unlikely to reflect a require-
ment for maternally provided nau, since no nau product is
detected by RT-PCR of mRNA from unfertilized eggs (data
not shown). Rather, these eggs appear to be unfertilized, as
no evidence of cellularization was apparent (data not
shown). It remains to be determined whether the female
sterility is due to the lack of nau or the removal of another
nonessential gene within the region deleted by Df(3R)nau-9
and Df(3R)nau-11a4.
Absence of nautilus Has Phenotypic Consequences
on the Formation of the Larval Muscles
As described above, although the nau-coding sequence is
completely deleted in both Df(3R)nau-9 and Df(3R)nau-
11a4, embryos lacking nau survive to adulthood. Moreover,
flight tests involving Df(3R)nau-9/Df(3R)nau-11a4 trans-
heterozygotes did not reveal any defects as a consequence of
the lack of nau (data not shown). To address whether nau
plays any role in the formation of the larval body wall
muscles, the muscle pattern of embryos transheterozygous
for these two deficiencies was visualized by immunostain-
ing with a monoclonal antibody directed against muscle
myosin heavy chain (see Materials and Methods) and exam-
ined phenotypically. As shown in Fig. 3B, these embryos are
missing a subset of muscle fibers that include the dorsal
oblique, dorsal acute, and lateral longitudinals. However,
since the distal breakpoint of Df(3R)nau-11a4 is located
several kilobases 59 to nau, and the proximal breakpoint of
Df(3R)nau-9 has not been located, it remained a formal
possibility that these defects were due to another nonessen-
tial gene in the region of overlap between these two
deficiencies. To determine whether these muscle defects
could be attributed to the loss of nau, we examined the
ability of ectopic nau expression to rescue these muscles.
The GAL4/UAS system (Brand and Perrimon, 1993) was
used to provide nau artificially to embryos that were
transheterozygous for Df(3R)nau-9 and Df(3R)nau-11a4.
Expression of the nau cDNA was under the control of
24B-GAL4, an enhancer trap line that expresses GAL4
throughout the mesoderm (Brand and Perrimon, 1993;
Keller et al., 1997). Since these deficiencies were balanced
over TM3, scr-LacZ, embryos that were genetically Df(3R)-
nau-9, UAS-nau 1/ Df(3R)nau-11a4, 24B-GAL4 were iden-
tified by the lack of b-galactosidase expression (Materials
and Methods). These embryos were also visualized with an
antibody directed against muscle myosin and compared to
embryos lacking nau. By comparison with an embryo that
lacks nau and is missing a subset of muscles (Fig. 3B), an
embryo expressing nau under artificial control exhibits no
significant absence of these muscle fibers (Fig. 3C). This
result suggests that the lack of nau is responsible for the
muscle defects observed in the Df(3R)nau-9/Df(3R)nau-
11a4 transheterozygotes. As anticipated, somatic muscle
pattern defects reminiscent of those previously reported
(Keller et al., 1997) were occasionally observed in rescued
embryos (data not shown).
The results shown in Fig. 3B clearly demonstrate that
nau is not necessary for the formation of all muscles, but
rather affects a distinct subset of muscle fibers. To
address whether these muscles were all equally affected
by the absence of nau, we examined five different
muscles in a total of 312 hemisegments from 52 of both
wild-type and Df(3R)nau-9/Df(3R)nau-11a4 embryos
(Table 2). Muscles 3 (DA3), 5 (LO1), 11 (DO3), 19 (DO4),
and 26 (VA1) were chosen for the analysis and appear to
represent the range of muscle loss observed in these
embryos. Of these muscles, 19 and 3 appeared to be
affected most frequently. Compared with wild-type em-
bryos, in which neither of these muscles was reproduc-
ibly altered, muscle 19 was present in only 12.5% of the
nau-deficient hemisegments examined, while muscle 3
was present in 32.3% of these hemisegments. By con-
trast, muscles 5 and 11 were present in 93.9 and 89.1%,
respectively, of the hemisegments examined. Finally,
muscle 26, which expresses high levels of NAU protein
late in myogenesis (Abmayr et al., 1992; Keller et al.,
1997), was present in all of the hemisegments included in
the analysis.
TABLE 1
Complementation Tests of Df(3R)nau-9/TM3, scr/lacZ, and Df(3R)nau-11a4/TM3, scr-lacZ
Female 3 Male
Total
progeny
analyzed
Surviving progeny and corresponding genotype
Df(3R)nau-9
Df(3R)nau-11a4
Df(3R)nau-9
TM3, scr-lacZ
Df(3R)nau-11a4
TM3, scr-lacZ
TM3, scr-lacZ
TM3, scr-lacZ
Df(3R)nau-9
TM3, scr-lacZ
Df(3R)nau-11a4
TM3, scr-lacZ
379 116 (30.6%) 146 (38.5%) 117 (30.9%) 0 (0%)
Df(3R)nau-11a4
TM3, scr-lacZ
Df(3R)nau-9
TM3, scr-lacZ
915 285 (31.1%) 330 (36.1%) 300 (32.8%) 0 (0%)
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nautilus Plays a Cell Autonomous Role in the
Development of Muscle Fibers
The nuclear localization of NAU in muscle precursors
and fibers, as well as its classification as a transcription
factor by analogy with its vertebrate counterparts, suggests
a cell autonomous role in the development of muscles in
which it is expressed. To confirm this expectation, we
examined the above muscles for the presence of NAU
protein.
Expression of NAU in both muscles 5 and 26 has been
previously reported (Abmayr et al., 1992; Keller et al.,
1997). In the current analysis, we took advantage of other
markers to establish the identity of muscles 3 and 11 and
the greater sensitivity provided by confocal microscopy to
examine expression of NAU in the precursors to these
muscles. The position of muscle 3 was established using
VG, a novel protein that is expressed in muscles 1 (DO1), 2
(DO2), 3, and 4 (DO4) (Rushton et al., 1995). To assess
whether NAU is expressed in the precursor to muscle 3,
stage 13 wild-type embryos were double-labeled with poly-
clonal rabbit antisera directed against VG and polyclonal rat
antisera directed against NAU (Fig. 4B). As shown, VG and
NAU colocalize in the precursor to muscle 3 as well as in
the precursor to muscle 4. Since the level of NAU appears
to be lower than that of VG in the precursor to muscle 3,
NAU expression in this precursor is better visualized in the
single-channel fluorescent image (Fig. 4C). An interpreta-
tion of these precursors is represented schematically in Fig.
4A. It should be noted that while the observed position of
the precursor to muscle 4 (Fig. 4B) is slightly more dorsal
than that originally described by Bate (1990), NAU expres-
sion in this precursor can be followed into a differentiated
muscle 4. This variation may reflect slight differences in
stage-dependent cell migration. Interestingly, muscle 4,
although not included in the statistical analysis above, was
also occasionally missing in Df(3R)nau-9/Df(3R)nau-11a4
embryos.
Expression of NAU in the precursor to muscle 11 was
observed by double-labeling stage 13 wild-type embryos
with NAU antisera and polyclonal rabbit antisera directed
against S59. As shown in Fig. 4F, two cells appear to
coexpress NAU and S59. In the detailed analysis by Car-
mena et al. (1995), an S59-expressing muscle progenitor was
clearly observed to give rise to muscle 18. Its S59-expressing
sibling was speculated to represent the precursor to muscle
11, consistent with the observed expression of S59 in the
corresponding mature muscle fiber. Moreover, the location
of this S59-expressing cell is consistent with that of the
muscle 11 precursor identified by Bate (1990). The single-
channel fluorescent image (Fig. 4G) reveals NAU expres-
sion in both cells, suggesting that nau is expressed in the
precursor to muscle 11. A schematic representation of the
relevant precursors is shown in Fig. 4E. Of note, by com-
parison to Fig. 4B, an apparent increase in the number of
NAU-expressing nuclei, as well as decreased expression of
NAU in muscle 3, can be observed in Fig. 4F. This decrease
FIG. 3. Recovery of muscles in Df(3R)nau-9/Df(3R)nau-11a4
transheterozygotes by ectopic expression of nau. Embryos
are oriented with the anterior to the left and dorsal to the
top. The muscle pattern was visualized with a monoclonal
antibody directed against muscle MHC as described under
Materials and Methods. (A) Wild-type, lateral view. (B)
Df(3R)nau-9/Df(3R)nau-11a4 transheterozygote, lateral view.
Arrows indicate missing muscles, including 3 and 19, in the
dorsolateral region. (C) Df(3R)nau-9, UAS-nau 1/Df(3R)nau-
11a4, 24B-GAL4, lateral view. Arrows indicates presence of
muscles 3 and 19.
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is consistent with the inability to detect NAU expression in
the mature muscle 3 and suggests that the embryo in Fig. 4F
is slightly older than the embryo in Fig. 4B.
Finally, muscle 19, the fiber most severely affected by the
absence of nau, appears to express very low levels of NAU
protein late in myogenesis (data not shown). While we
anticipate that NAU may be expressed at higher levels in
the precursor to this muscle, we were unable to distinguish
this precursor in a cluster of NAU-expressing cells in the
same location. Unfortunately, no markers that identify
muscle 19 have been described.
In summary, NAU protein can be detected clearly in
most of the muscles that are affected by the lack of nau,
supporting a cell autonomous role for nau in the formation
of those muscles.
nautilus Is Not Required for the Formation of the
Precursor to Muscle 3
To distinguish whether nau was required for the forma-
tion or subsequent differentiation of muscle precursors, we
again took advantage of the observation that VG is ex-
TABLE 2
Frequency of the Presence of Select Muscle Fibers in Embryos Lacking nautilus
Genotype
Number of
embryos
examined
Number of
hemisegments
examineda
Number of hemisegments in which the specified muscle was present
3b (DA3)c 5 (LO1) 11 (DO3) 19 (DO4) 26 (VA1)
Df(3R)nau-9
Df(3R)nau-11a4
52 312 101 (32.3%) 293 (93.9%) 278 (89.1%) 39 (12.5%) 312 (100%)
Wild-type 52 312 312 (100%) 311 (99.7%) 312 (100%) 312 (100%) 312 (100%)
a Hemisegments A2–A4 were scored on each side of each embryo for a total of six hemisegments per embryo.
b Muscle nomenclature of Crossley (1978).
c Muscle nomenclature of Bate (1993).
FIG. 4. Visualization of NAU expression in muscles 3 and 11 in wild-type embryos using immunofluorescent histochemistry and confocal
microscopy. Embryos are oriented with the anterior to the left and the dorsal to the top and staged according to Campos-Ortega and
Hartenstein (1985). Three hemisegments are shown. (A, E) Schematic representations of the muscle patterns of the embryos shown in B and
F, respectively. DL, dorsolateral domain as described by Nose et al. (1998). (B) Stage 13 embryo labeled with polyclonal rat antisera directed
against NAU (red) and polyclonal rabbit antisera directed against VG (green). (C, D) Single-channel fluorescent images of NAU expression
only and VG expression only, respectively, for the embryo shown in B. (F) Stage 13 embryos labeled for NAU (red) and polyclonal rabbit
antisera directed against S59 (green). (G, H) Single-channel fluorescent images of NAU expression only and S59 expression only,
respectively, for the embryo shown in F.
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pressed in the precursor to muscle 3 (Figs. 4B and 4D). Since
this muscle is absent in approximately 67% of the hemiseg-
ments lacking nau (Table 1), the embryos were examined
for the presence of its VG-expressing precursor. This anal-
ysis was accomplished by detection of VG using colorimet-
ric immunochemistry and facilitated by selection of Df(3R)-
nau-9/Df(3R)nau-11a4 transheterozygotes of the appropri-
ate stage under low magnification. These embryos were
then examined for the presence of this precursor at high
magnification, and a representative embryo is shown in Fig.
5B. As apparent, the VG-expressing precursor to muscle 3 is
present in all segments. Statistically, in an analysis of 33
embryos, the VG-expressing precursor was present in 92%
of the 198 hemisegments examined. Since a differentiated
muscle 3 develops in only 32% of the hemisegments
lacking nau, this result suggests that nau is not required for
FIG. 5. Examination of embryos lacking nau for the presence of the precursor to muscle 3. VG expression was visualized by colorimetric
immunohistochemistry (A, B) or fluorescent immunohistochemistry and confocal microscopy (shown in red) (C–F), using a polyclonal
antisera directed against VG. All embryos are oriented with the anterior to the left and dorsal to the top. Three hemisegments are shown.
(A, C, E) Wild-type embryos. (B, D, F) Embryos transheterozygous for Df(3R)nau-9/Df(3R)nau-11a4. (A) The precursors to muscles 3 and 4
are indicated. (B) The precursor to muscle 3 is labeled. The precursor to muscle 4 is not visible in this colorimetric assay. (C, D) A projection
of several 0.5-mm mesodermal sections is shown. The precursors to muscles 3 and 4 are labeled. (E, F) Same embryos as in C and D,
respectively. A single 0.5-mm section focusing on the VG-expressing ectodermal cells of the peripheral nervous system (pns) is shown.
Arrowhead indicates a mesodermal VG-expressing cell that may represent an adult muscle precursor.
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the formation of the muscle 3 precursor, but rather plays a
role in its differentiation into a mature muscle fiber.
Surprisingly, as apparent in the example shown in Fig. 5B,
the VG-expressing precursor to muscle 4 was not visible in
these embryos. Since this muscle appears to be only occa-
sionally affected by the absence of nau (data not shown), it
was of interest to determine whether this precursor was
present, but expressing a level of VG that was undetectable
using the colorimetric assay. Consequently, similar em-
bryos were examined by immunofluorescence and confocal
microscopy which offers greater sensitivity. In the represen-
tative embryo shown in Fig. 5D, the VG-expressing precur-
sor to muscle 4 is clearly visible. By comparison to that seen
in wild-type embryos, the lower level of VG expression in
this precursor may indicate that its developmental timing
or ability to express VG is modified in some way by the
absence of nau. Of note, VG is also expressed in cells of the
peripheral nervous system (Figs. 5E and 5F; Williams et al.,
1991; Bate and Rushton, 1993) as well as in a mesodermal
cell that lies slightly ventral to the precursor to muscle 4
(Fig. 5C, arrowhead). This latter cell, which appears to
remain mononucleate during embryogenesis, may repre-
sent an adult muscle precursor.
In addition to the absence of particular muscle fibers in
Df(3R)nau-9/Df(3R)nau-11a4 transheterozygotes, which lack
nau, novel muscle fibers are occasionally present in these
embryos. The appearance of these fibers provides support
for the hypothesis that, in the absence of nau, precursors to
muscles such as 3 and 19 can undergo further myogenic
differentiation. In some cases, these novel fibers have
features reminiscent of specific muscles. For example, a
dorsolateral view of the same embryo shown in Fig. 3B
reveals a novel muscle fiber in a position and orientation
similar to that of muscle 2 (Fig. 6B, arrow). It is enticing to
consider the possibility that this muscle arises from the
VG-expressing precursor to muscle 3 and that its differen-
tiation program has been diverted by the lack of NAU
expression. Examination of VG expression in late-stage
embryos lacking nau (Fig. 6D) provides results consistent
with this interpretation. As expected, a fully formed muscle
3 is observed in one segment but absent in the two neigh-
boring segments, in agreement with the statistical analysis
described earlier. Interestingly, however, in one of the
segments in which muscle 3 is missing, a VG-expressing
novel muscle fiber with characteristics similar to that of
muscle 2 can be observed (Fig. 6D, arrow).
By comparison to the novel, but distinguishable, muscle
fiber described above, novel muscles that do not appear to
have features similar to any particular muscle fiber are also
observed in embryos lacking nau (data not shown). These
novel muscles were most easily recognized by myosin
staining. Consequently, the origin of each of these fibers
with respect to muscle precursor could not be determined.
However, these unusual fibers may result from the incom-
plete or incorrect differentiation of precursors to muscles
such as 3, 11, and 19.
It should be noted, however, that there are not enough
novel muscle fibers present in these embryos to account
for all of the muscle precursors that do not complete
their normal differentiation program. In an effort to ad-
dress whether any of these cells die and become phagocy-
tosed, Df(3R)nau-11a4/Df(3R)nau-9 transheterozygotes were
double labeled with antisera directed against VG and Per-
oxidasin, which stains phagocytic vesicles (data not shown).
In this analysis, VG-expressing cells that had been engulfed
by Peroxidasin-expressing phagocytes were not observed
(data not shown). Thus, in the absence of additional mark-
ers for the cells that do not differentiate, the fate of these
defective muscle precursors remains unclear.
DISCUSSION
The process by which individual muscle fibers acquire
specific properties, such as size, shape, and orientation,
occurs during the differentiation of muscle precursors into
mature muscle fibers. We propose that nau functions in a
subset of muscle precursors to implement, or direct, the
unique differentiation program of particular muscle fibers.
nautilus Encodes a Nonessential Protein That
Plays a Role in Muscle Development
The earliest observed expression of NAU occurs at ap-
proximately 6 h of development, in mesodermal cells that
are in positions reminiscent of the muscle precursors de-
scribed by Bate (1990) (Michelson et al., 1990; Paterson et
al., 1991; Abmayr et al., 1992). Expression of NAU is
observed in only a subset of muscle precursors that can be
followed, in some cases, into differentiated muscle fibers
(Abmayr et al., 1992). Moreover, NAU is capable of induc-
ing muscle-specific patterns of transcription as well as
morphological changes associated with a myogenic pheno-
type when expressed in mesodermal cells that are not
normally destined to form somatic muscles (Keller et al.,
1997). Together, these data suggest that nau plays a role in
muscle differentiation. In this study, we examined the
consequences of nau loss-of-function on the embryonic
development of the larval somatic musculature. In brief, we
identified overlapping genetic deletions, Df(3R)nau-9 and
Df(3R)nau-11a4, in which the nau gene has been deleted
without affecting a common lethal complementation group.
Individuals transheterozygous for these deficiencies survive
to adulthood, indicating that nau is not essential for viabil-
ity of the fly. Interestingly however, the corresponding
embryos are missing a subset of muscle fibers, including
muscles 3 and 19. Thus, these data provide evidence that (1)
nau functions in the formation of at least a subset of muscle
fibers and (2) some muscle loss can be tolerated throughout
larval development.
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nautilus Plays a Role in the Differentiation of
Muscle Precursors
To determine the specific role of nau in the development of
the muscle fibers mentioned above, we took advantage of the
observation that the nuclear VG protein is coexpressed in at
least one of the muscle fibers that are influenced by the
absence of nau. This VG expression allowed the examination
of embryos lacking nau for the presence of the precursor to
muscle 3, which is absent in approximately 70% of the
abdominal hemisegments lacking nau. Examination of these
embryos revealed the presence of the VG-expressing precursor
to muscle 3 in virtually all segments, suggesting that nau is
not required for the formation of the precursor to this muscle.
By contrast, the apparent inability of this precursor to develop
into a differentiated muscle fibers suggests rather that nau
plays a role in its differentiation into a mature muscle 3. On
the basis of this observation, in combination with the appar-
ent role of nau in inducing myogenic differentiation when
ectopically expressed, we suggest that nau functions in a
subset of muscle precursors to implement their specific dif-
ferentiation programs.
The nautilus Loss-of-Function Phenotype Supports
a Complex Mechanism for Muscle Differentiation
Our results clearly indicate that nau is not essential for
viability and affects the formation of only a small subset of
muscle fibers. Of note, the lack of an effect on the other
muscles is not the result of the absence of any maternally
provided nau since, as discussed above, nau does not appear
to have a maternal component. These data therefore suggest
that molecules other than NAU must be serving a similar
role in muscle fibers that are unaffected by its loss. Further,
FIG. 6. Identification of ectopic muscles in embryos lacking nau. Embryos are oriented with the anterior to the left and dorsal to the top.
Three hemisegments are shown. (A, C) Wild-type embryos. (B, D) Embryos transheterozygous for Df(3R)nau-9/Df(3R)nau-11a4. (A, B)
Dorsolateral view. The muscle pattern was visualized with a monoclonal antibody directed against MHC. The arrow in B denotes the
presence of a novel muscle fiber in a position and orientation reminiscent of muscle 2. (C, D) Dorsolateral view. The muscle pattern was
visualized with polyclonal rabbit antisera directed against VG (red), using fluorescent immunohistochemistry and confocal microscopy.
The arrow in D highlights the presence of a novel VG-expressing fiber in a position similar to that observed in B, with a position and
orientation reminiscent of muscle 2.
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the affected muscles in embryos lacking nau include only a
subset of those that actually express NAU. Thus, some of
these other molecules may be expressed in the same muscle
precursors and serve a function that is redundant with that
of NAU in these cells. To date, NAU is the only apparent
Drosophila homolog of the vertebrate family of myogenic
bHLH factors, raising the possibility that similarly acting
proteins may be structurally divergent or unrelated. As
discussed previously (in the Introduction), several genes are
expressed in subsets of muscle founder cells, including nau,
vg, S59, ap, eve, msh, and Kr (Frasch et al., 1987; Gaul et al.,
1987; Michelson et al., 1990; Paterson et al., 1991; Williams
et al., 1991; Abmayr et al., 1992; Bourgouin et al., 1992;
Carmena et al., 1995; Lord et al., 1995; Rushton et al., 1995;
D’Alessio and Frasch, 1996; Ruiz-Gomez et al., 1997; Nose
et al., 1998; reviewed in Abmayr and Keller, 1998). Inter-
estingly, embryos lacking some of these genes exhibit a loss
of muscle fibers distinct from those absent in embryos
lacking nau. For example, ap mutant embryos are missing
specific muscle fibers, including lateral transverse muscles
21–23. Additionally, the homeodomain-containing protein
MSH, which is expressed in several lateral transverse
muscles that include 21–24, is critical for the differentia-
tion of the precursors to these muscles (Nose et al., 1998).
Finally, the homeodomain-containing protein KR is neces-
sary for the proper development of a subset of muscles that
includes 1, 15–17, 21–24, and 26. These mutant phenotypes
support the hypothesis that different muscle fibers require
specific molecules for their proper development. Moreover,
it is also possible that these muscles express additional
molecules that are able to substitute functionally for the
loss of another, consistent with the observation that the
expression patterns of many of these genes overlap. Several
muscle precursors and fibers express two or more of these
markers. For example, muscles 5 and 11 appear to express
both S59 and NAU, while muscles 3 and 4 express both
NAU and VG. It is therefore enticing to consider the
possibility that the function of these genes overlaps that of
nau and accounts for the observation that many NAU-
expressing muscles are unaffected by its absence. Of note,
this loss-of-function behavior is not restricted to nau, as
mutations in ap do not affect all ap-expressing muscles in
all segments (Bourgouin et al., 1992), and Kr mutant em-
bryos are only moderately affected by its absence (Ruiz-
Gomez et al., 1997). Thus, these results suggest the possi-
bility that redundant mechanisms exist in these muscles.
It is intriguing that, in addition to the described loss of
muscle 3 in embryos lacking nau, we occasionally observe
the presence of a novel fiber in a position and orientation
reminiscent of muscle 2, a muscle that does not normally
express NAU but has been reported to express VG (Rushton
et al., 1995). One speculative interpretation of this result is
that, in the absence of NAU, the precursor to muscle 3
responds to the remaining VG protein present in the cell,
causing it to differentiate in a manner similar to that of
muscle 2, another VG-expressing muscle. Perhaps then the
specific properties conferred upon particular muscle fibers
are a result of different combinations of these or other
factors. Such a combinatorial mechanism for muscle differ-
entiation is consistent with the variable expressivity ob-
served in embryos lacking nau, ap (Bourgouin et al., 1992),
or Kr (Ruiz-Gomez et al., 1997). It is further consistent with
observed responses to overexpression of these various mol-
ecules. For example, ectopic expression of either nau (Keller
et al., 1997), Kr (Ruiz-Gomez et al., 1997), ap (Bourgouin et
al., 1992), or msh (Nose et al., 1998) disrupts the muscle
pattern, apparently interfering with the normal differentia-
tion program of specific muscle fibers. As described earlier,
novel muscle fibers that do not appear to have features
similar to any particular muscle fiber are also observed in
embryos lacking nau. The appearance of these unusual
fibers may be a consequence of precursors that, in the
absence of nau, are responding to an abnormal combination
of differentiation factors that are still present.
Finally, we have not observed a direct correlation between
the number of novel muscle fibers observed and the frequency
of muscle fiber loss. Hence, the fate of the remaining precur-
sors, as well as the fusion-competent cells with which they
would normally interact, remains an open question. While
inconclusive, our results have not revealed evidence of exten-
sive cell death. It is possible, however, that the defective
precursors stop expressing the marker prior to their engulf-
ment by phagocytes. Alternatively, these cells may survive for
extended periods of time and only undergo cell death after
completion of embryogenesis. Thus, the resolution of this
issue awaits further investigation.
Comparisons between nautilus and Other MRF
Family Members
Many studies have suggested that the four vertebrate
MRFs can function interchangeably in vitro and in cultured
cells (see Introduction). However, other studies imply that
they have unique functions in vivo. For example, these
factors exhibit different temporal patterns of expression
(reviewed in Rudnicki and Jaenisch, 1995; Venuti and
Cserjesi, 1996), suggesting that they function at different
stages of myogenesis. Genetic loss-of-function studies in
the past few years have revealed mutant phenotypes that
are consistent with this expectation. For example, either
MyoD or myf5, two family members that appear to serve
somewhat overlapping roles (Braun et al., 1992; Rudnicki et
al., 1992, 1993), is essential for the specification or survival
of myoblasts (Rudnicki et al., 1993). By comparison, the
early events of myogenesis appear to occur normally in
mice lacking myogenin, but these mutant mice exhibit a
severe reduction in multinucleate muscle fibers (Hasty et
al., 1993; Nabeshima et al., 1993; Venuti et al., 1995). This
result suggests that myogenin acts downstream of MyoD
and myf5, in myogenic differentiation rather than determi-
nation. Not surprisingly, the function of myogenin does not
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appear to overlap with that of MyoD or myf5 (Rawls et al.,
1995). Finally, the expression pattern of MRF4 is consistent
with a role in the later stages of muscle differentiation
(reviewed in Rudnicki and Jaenisch, 1995; Venuti and
Cserjesi, 1996).
In addition to temporal differences in their patterns of
expression, some vertebrate family members also appear to
exhibit distinct spatial patterns of expression. These pat-
terns of expression have been described within the mouse
somite (Smith et al., 1994; reviewed in Venuti and Cserjesi,
1996) and are consistent with the possibility that the MRFs
mark different populations of myoblasts. This hypothesis is
supported by recent genetic studies suggesting that myf5-
and MyoD-expressing cells play specific roles in the devel-
opment of the trunk musculature and abdominal and limb
musculature respectively (Kablar et al., 1997). Additionally,
the MyoD-expressing cell population does not appear to be
eliminated by the apparent ablation of the myf5-expressing
cells (Braun and Arnold, 1996). Finally, in the absence of
myf5, the cells that normally express myf5 fail to migrate
properly and adopt nonmuscle cell fates (Tajbakhsh et al.,
1996), suggesting that other MRFs present in these cells are
not compensating for the loss of myf5. Taken together,
these data seem to support the model that the vertebrate
factors mark different myogenic lineages.
As mentioned earlier, nau is the only apparent Drosoph-
ila homolog of the vertebrate family of myogenic regulatory
factors. Similarly, this gene family is represented by only a
single member in other invertebrates such as Caenorhab-
ditis elegans (Krause et al., 1990), sea urchin (Venuti et al.,
1991), and ascidians (Araki et al., 1994). One might expect
the single invertebrate genes to function as the sum of the
four vertebrate factors and play essential roles in the deter-
mination and differentiation of all muscle fibers. However,
this prediction has not been supported by their loss-of-
function phenotypes. For example, while the C. elegans
hlh-1 gene does appear to be expressed in most, if not all,
body wall muscles, it is not required for the formation of
these muscles (Chen et al., 1992, 1994). Rather, the muscles
that do form in hlh-1 mutant worms appear to be defective,
suggesting that hlh-1 may serve as a myogenic differentia-
tion factor. In contrast to hlh-1, nau is expressed in a subset
of muscle precursors and fibers, and only a subset of these
are affected by the absence of nau. Like hlh-1, however, nau
appears to play a role in the differentiation, rather than
determination, of muscle precursors. This role in myogenic
differentiation may not be entirely dissimilar from that of
myogenin, which appears to direct differentiation rather
than determination of muscle precursors. nau also has
features reminiscent of MyoD or myf5, however, which
appear to affect subsets of myoblasts. Thus, viewed simplis-
tically, our results would seem to suggest that nau does not
function as either the sum of all four vertebrate factors or in
a manner identical to any one family member. Rather, we
suggest that it is necessary for the precise differentiation of
a subset of muscle fibers, a function not yet associated with
any single one of the vertebrate or invertebrate MRFs.
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